Abstract
Introduction

53
With the recent rapid economic development and urbanization, the 54 associated emissions from coal combustion, motor vehicle exhaust and 55 various industrial emissions have led to highly complex air pollution in 56
China. Besides the high concentrations of fine particles (PM 2.5 ), high 57 concentrations of NO x , SO 2 , NH 3 , and volatile organic compounds (VOCs) 58
were observed in haze pollution episodes (Liu et agreed well with those of AMS. The chamber was run as a batch reactor in 156 this study. Deposition of particles and gas compounds on the wall was 157 considered to be a first-order process. The deposition rates of particles with 158 different sizes (40-700 nm) were measured under dark conditions. Then, 159
wall losses of particles in the chamber was similarly corrected using a 160 regression equation to describe the dependence of deposition rate on the 161 particle size (Takekawa et al., 2003) . Detailed information on this equation 162 was given in our previous studies (Chu et al., 2012; Chu et al., 2014 respectively. In this study, the wall loss of aerosol mass was about 30%-166 8 50% of total secondary aerosol mass, while the deposition of gas phase 167 compounds was less than 5% of their maximum concentrations in the 168
experiments. 169
Prior to each experiment, the chamber was flushed for about 40 h with 170 purified air at a flow rate of 15 L/min. In the first 20 h, the chamber was 171 exposed to UV light at 34 ℃. In the last several hours of the flush, humid 172 air was introduced to obtain the target RH, which was 50% in this study. 173
After that, alumina seed particles were added into the chamber. Alumina 174 seed particles were produced on-line via a spray pyrolysis setup, which has 175 been described in detail elsewhere (Liu et al., 2010) . Liquid alumisol 176 (AlOOH, Lot No. 2205, Kawaken Fine Chemicals Co., Ltd., Japan) with 177 an initial concentration of 1.0 wt% was sprayed into droplets by an 178 atomizer. After that, the droplets were carried through a diffusion dryer and 179 a corundum tube embedded in a tubular furnace with the temperature 180 maintained at 1000 º C to generate alumina particles. The obtained alumina 181 particles were γ-Al 2 O 3 as detected by X-ray diffraction measurements, and 182 spherical-shaped according to electron micrograph results. Before being 183 introduced into the chamber, the particles were carried through a 184 neutralizer (TSI 3087, TSI Incorporated, USA). Then, toluene was injected 185 into a vaporizer and carried into the chamber by purified air, while NO x , 186 SO 2 and NH 3 were directly injected into the chamber from standard gas 187 bottles using mass flow controllers. Before adding NH 3 into the chamber, 188 NH 3 gas was passed through the inlet pipeline for about 15 minutes to 189 reduce absorption within the line. 
Results and discussion
199
Particle formation and growth in different inorganic gas conditions 200
First, the effects of SO 2 and NH 3 on secondary aerosol formation were 201 qualitatively studied in the photooxidation system of toluene/NO x without 202 the presence of a seed aerosol. Experiments were carried out in the absence 203 of SO 2 and NH 3 , in the presence of SO 2 or NH 3 , and coexistence of SO 2 204 and NH 3 , respectively. Experimental details are listed in Table 1 Secondary aerosol formation in these photooxidation experiments was 215 measured by the SMPS, and the results are displayed in Figure 1 . 216
Compared to toluene/NO x photooxidation, the secondary aerosol volume 217 concentration rose 1.5 times in the presence of SO 2 , and was more than 218 tripled in the presence of NH 3 . The volume of secondary aerosol showed 219 an obvious peak in the toluene/NO x /NH 3 system at about 2.3 hours of 220 photooxidation. With the wall deposition accounted for, the decrease of the 221 volume concentration after that point was unexpected, but could be 222
reproduced (Experiments ATN and ATN2). Such a decrease was not 223 observed with coexisting NH 3 and SO 2 , indicating interactions between 224 NH 3 and SO 2 in the photooxidation system. The reason for this 225 phenomenon will be discussed in the following analysis of the chemical 226 composition of the generated particles. 227 Table 1 .
245
The size distributions of the secondary aerosol in the photooxidation, 246 with a range of 17-1000 nm, were analyzed and are shown in Figure 2 . The 247 new particle formation was not directly measured in this study, but the 248 newly generated particles could be detected when the particles increased 249 in size. According to the particle number concentrations, new particle 250 formation appeared to increase a great deal in the presence of SO 2 . The 251 maximal particle number concentrations in experiments ASTN and STN 252
were one order of magnitude higher than those in experiments ATN and 253 
302
"A" for ammonia, "S" for sulfur dioxide, "T" for toluene and "N" for nitrogen 303 dioxide. Experimental details are listed in Table 1 .
304
In Figure 3 , the generation of ammonium salt can be observed in the 305 photooxidation of toluene/NO x /SO 2 without introducing NH 3 gas. This 306 indicated there was NH 3 present in the background air in the chamber, and 307 also indicated that the effects of NH 3 on secondary aerosol formation might 308 be underestimated in this study. The background NH 3 was derived from the 309 partitioning of the deposited ammonium sulfate and nitrate on the chamber 310 wall when humid air was introduced (Liu et al., 2015b ). Unfortunately, due 311 to the lack of appropriate instruments, we were not able to measure the 312 16 exact concentration of NH 3 in the background air in the chamber. It was 313 estimated to be around 8 ppb based on the amount of ammonium salt and 314 the gas-aerosol equilibrium calculated using the AIM Aerosol 315 Thermodynamics Model. With this in mind, the experiments carried out 316 without introducing NH 3 gas were considered "NH 3 -poor" experiments in 317 this study, while experiments with the introduction of NH 3 gas were 318 considered "NH 3 -rich" experiments, in which the estimated concentrations 319 of NH 3 were more than twice the SO 2 concentrations and the oxidation 320 products of SO 2 and NO x were fully neutralized by NH 3, according to the 321 chemical composition of aerosols measured by the AMS. The details of the 322 acid-base balance in the aerosols are shown in Fig. S4 in the supporting  323 
information. 324
To further quantify the effect of SO 2 on secondary aerosol formation, 325 different concentrations of SO 2 were introduced under NH 3 -poor and NH 3 -326 rich conditions. The details of the experimental conditions are shown in 327 Table 2 . In these experiments, the concentrations of toluene were reduced 328 compared to the experiments in Table 1 
Secondary organic aerosol formation 398
The presence of NH 3 and SO 2 caused significant formation of 399 secondary inorganic aerosol, and also enhanced SOA formation. The 400 increases of SOA mass in the presence of NH 3 and SO 2 are shown in Fig.  401 5. Similar trends for SOA yields can be found in the supporting information. 402
In previous studies, Kleindienst et al. (2006) found that the presence of SO 2 403 did not disturb the dynamic reaction system of α-pinene or isoprene in the 404 presence of NO x . In the present study, no obvious difference was found in 405 21 the OH concentration in experiments with different concentrations of SO 2 406 and NH 3 . Therefore, it could be also speculated that the presence of SO 2 407
and NH 3 in this study did not significantly impact the gas phase oxidation 408 of hydrocarbons and mainly played a role in the aerosol phase. might also change the surface properties of the aerosol and enhance 420 heterogeneous oxidation of organic products. As mentioned earlier in this 421 study, there was NH 3 present in the background air in the chamber, so the 422 effects of NH 3 on secondary aerosol formation might be underestimated in 423 this study. Detecting the concentration of NH 3 gas as a function of time and 424 quantifying the effects of NH 3 on secondary aerosol are meaningful, and 425 are expected to be studied in the future. 426
The enhancing effect of NH 3 on secondary aerosol formation in toluene 427 photooxidation was further attributed to its influence in heterogeneous 428 reactions. In the presence of Al 2 O 3 seed particles, no obvious new particle 429 22 formation was detected in experiments without SO 2 , as shown in Fig. 6(a)  430 and Fig. 6(c) . The presence of NH 3 caused a more noticeable growth in the 431 size of the Al 2 O 3 seed particles. The increase mainly took place after 0.5 432 hours of irradiation, and lasted for about an hour, with an average diameter 433 growth of about 12 nm. In the two experiments carried out in the presence 434 of 52 ppb SO 2 in Fig. 6(b) and Fig. 6(d) , significant but similar new particle 435 formation occurred. The maximum particle number concentrations 436 detected by the SMPS were about 33000 particle/cm 3 and 34000 437 particle/cm 3 under NH 3 -poor and NH 3 -rich conditions, respectively. 438
However, the growth of the seed aerosol in these two experiments was 439 quite different. Under an NH 3 -poor condition, the mode diameter of the 440 seed aerosols grew from 100 nm to about 130 nm, while under an NH-rich 441 condition it grew to about 220 nm. These results indicated that elevated 442 
465
These two factors had different temporal variations during the reaction. 466
As indicated in Fig. 8 , Factor 2 always increased at the beginning of the 467 reaction but decreased after reaching a peak at 1 or 2 hours of irradiation. 468 
Conclusions
528
In the photooxidation system of toluene/NO x , the presence of SO 2 529 and/or NH 3 increased secondary aerosol formation markedly, regardless of 530 whether Al 2 O 3 seed aerosol was present or not. Some synergetic effects in 531 the heterogeneous process were observed in secondary inorganic aerosol 532 formation in addition to the generation of ammonium and sulfate from NH 3 533 and SO 2 . Specifically, the generation of NH 4 NO 3 was found to be highly 534 dependent on the surface area concentration of suspended particles, and 535 was enhanced by increased SO 2 concentration. Meanwhile, sulfate 536 formation was also increased in the presence of NH 3 . The absorbed NH 3 537 might provide liquid surface layers for the absorption and subsequent 538 reaction for SO 2 and organic products, and therefore, enhance sulfate and 539 SOA formation. NH 3 mainly influenced secondary aerosol formation in the 540 heterogeneous process, resulting in significant growth of seed aerosols, but 541 had little influence on new particle generation. In the experiments carried 542 out in the presence of Al 2 O 3 seed aerosols, sulfate, organic aerosol, nitrate 543 and ammonium were all found to increase linearly with increasing SO 2 544 concentration in toluene/NO x photooxidation. The increase of these four 545 species was more obvious under NH 3 -rich conditions, and the order of their 546 sensitivity was different from that under NH 3 -poor conditions. The better 547 correlation between secondary aerosol formation and particle surface area 548 than that with particle volume indicated an enhancement effect in the 549 29 heterogeneous process rather than in bulk reactions. 550
Two factors were identified in the PMF analysis of the AMS data. One 551 factor assigned to less-oxidized organic aerosol and some oligomers 552 increased with increasing SO 2 under NH 3 -poor conditions, mainly due to 553 the well-known acid catalytic effects of the acid products on SOA 554 formation in the heterogeneous process. The other factor, assigned to the 555 highly oxidized organic component and some nitrogenous organic 556 compounds, increased with increasing SO 2 under an NH 3 -rich environment, 557
with NOC (organonitrates and NOC with reduced N) contributing most of 558 the increase. 559
This study indicated that the synergistic effects between inorganic 560 pollutants could substantially enhance secondary inorganic aerosol 561 formation. Meanwhile, the presence of inorganic gas pollutants, i.e. SO 2 562 and NH 3 , promoted SOA formation markedly. Synergistic formation of 563 secondary inorganic and organic aerosol might increase the secondary 564 aerosol load in the atmosphere. These synergistic effects were related to 565 the heterogeneous process on the aerosol surface, and need to be quantified 566 and considered in air quality models. 567 Inc. 576
